Chronology protection in a toy surface plasmon "time machine". 
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Recently introduced toy surface plasmon "black holes" and "wormholes" (New Journal of Physics 
5, 147.1-147.8 (2003), and gr-qc/0306089) can be used to create a toy "time machine" according 
to a number of published designs (see for example I.D. Novikov, Sov.Phys.JETP 68, 439 (1989)). 
Assuming that such a toy "time machine" does not work, a general prediction can be made of strong 
electromagnetic field enhancement inside an arbitrarily-shaped nanohole near an arising effective 
event horizon, which is supposed to prevent the toy "time machine" from being operational. This 
general result is useful in description of the nonlinear optical behavior of random nanoholes in metal 
films. 
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Solid state toy models are useful in understanding of 
many complicated field-theoretical situations [1]. In par- 
ticular, they help in consideration of electromagnetic phe- 
nomena in curved space-time. In the case of media elec- 
trodynamics this is possible because of an analogy be- 
tween the propagation of light in matter and in curved 
space-times: it is well known that the Maxwell equations 
in a general curved space-time background gik{x,t) are 
equivalent to the phenomenological Maxwell equations 
in the presence of a matter background with nontrivial 
electric and magnetic permeability tensors eij{x,t) and 
liij{x,t) [2]. In this analogy, the event horizon corre- 
sponds to a surface of singular electric and magnetic per- 
meabilities, so that the speed of light goes to zero, and 
light is "frozen" near such a surface. Unfortunately, un- 
til recently all the suggested electromagnetic black hole 
toy-models were very difficult to realize and study exper- 
imentally, so virtually no experimental work was done in 
this field. 

Very recently a number of simple surface plasmon toy 
black hole and wormhole models have been suggested and 
observed in the experiment [3-5] . These models are based 
on the surface plasmons that propagate along a metal 
surface, which is curved and/or covered with a layer of 
dielectric. Surface plasmons are collective excitations of 
the conductive electrons and the electromagnetic field [6] . 
They exist in " curved three-dimensional space-times" de- 
fined by the shape of the metal-dielectric interface. Since 
in many experimental geometries surface plasmons are 
weakly coupled to the outside world (to free-space pho- 
tons, phonons, single-electron excitations, etc.) it is rea- 
sonable to treat the physics of surface plasmons sepa- 
rately from the rest of the surface and bulk excitations, 
so that a field-theory of surface plasmons in a curved 
space-time background may be considered. For example, 
a nanohole in a thin metal membrane may be treated 
as a "wormhole" connecting two "flat" surface plasmon 
worlds located on the opposite interfaces of the mem- 
brane [3] . On the other hand, near the plasmon resonance 
(which is defined by the condition that e„i{uj) = — at 



the metal-dielectric interface, where em(w) and Cd are the 
dielectric constants of metal and dielectric, respectively 
[6]) the surface plasmon velocity vanishes, so that the 
surface plasmon "stops" on the metal surface, and the 
surface charge and the normal component of the electric 
field diverge. For a given frequency of light, the spatial 
boundary of the plasmon resonance ("the event horizon" 
of our toy model) may be defined at will using the geom- 
etry ed{x^ y) of the absorbed layer (or a liquid droplet) of 
dielectric on the metal surface. Thus, the plasmon reso- 
nance becomes a natural candidate to emulate the event 
horizon of a black hole. As a result, toy two-dimensional 
surface plasmon black holes can be easily produced and 
studied (see Fig.l) [4,5]. In another example, a surface 
plasmon toy model of a rotating black hole (Kerr metric 
[7] ) can be emulated if the dielectric layer exhibits optical 
activity [4]. 

Real wormholes and rotating black holes are the ba- 
sic elements which may allow, in principle, a creation 
of a time machine according to a number of published 
designs [8,9]. In what follows I am going to emulate 
the time machine design published in [9] with toy sur- 
face plasmon "black holes" and "wormholes". Assuming 
that such a toy " time machine" does not work, a general 
prediction can be made on strong electromagnetic field 
enhancement inside an arbitrary-shaped nanohole near 
an arising effective event horizon, which is supposed to 
prevent the surface plasmon "time machine" from being 
operational. This general result is useful in description 
of the nonlinear optical behavior of random and artifi- 
cial nanoholes in metal films, which indeed show signs of 
strongly nonlinear behavior in recently observed single- 
photon tunneling and optically-controlled photon tunnel- 
ing experiments [10]. 

Let us recall the basic principles of a "real" time ma- 
chine operation. In a time machine design of Morris, 
Thorne and Yurtsever [8] (Fig. 2(a)) at the initial time 
the openings of the wormhole are not far apart. Assum- 
ing that one of the openings is forced to move away at 
high speed (while internal distance between the openings 
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remains unchanged and short at all times), and then to 
reverse its motion and return back to the vicinity of the 
second opening, upon completion of the motion the clock 
of the moving opening will lag the clock of the station- 
ary wormhole opening. As a result, an observer passing 
through the wormhole may travel to his past or future 
depending on the direction of travel through the worm- 
hole. Another variant of the time machine introduced by 
Novikov [9] (Fig. 2(b)) consists of a wormhole in which 
one opening rotates around another. The clock of a mov- 
ing opening lags the clock of a stationary one, so that af- 
ter some time a Cauchy horizon appears, and travel into 
the past becomes possible. 

Before we start to emulate one of these time machine 
designs with surface plasmon optics, let us recall the ef- 
fective metric and the basic properties of surface plasmon 
toy black holes. As a first step, let us consider in de- 
tail the dispersion law of a surface plasmon (SP), which 
propagates along the flat metal-dielectric interface. The 
SP field decays exponentially both inside the metal and 
the dielectric. Inside the dielectric the decay exponent is 
roughly equal to the SP wave vector. As a first step let 
us assume that both metal and dielectric completely fill 
the respective z < and 2; > half-spaces. In such a 
case the dispersion law can be written as [6] 

k^ = 4^f^y (1) 

where we will assume that = 1 — i^p/i^'^ accord- 
ing to the Drude model, and ujp is the plasma frequency 
of the metal. This dispersion law is shown in Fig. 3(a) 
for the cases of metal-vacuum and metal-dielectric in- 
terfaces. It starts as a "light line" in the respective di- 
electric at low frequencies and approaches asymptotically 
u) = u)p/{l + td)^!"^ at very large wave vectors. The lat- 
ter frequency corresponds to the so-called surface plas- 
mon resonance. Under the surface plasmon resonance 
conditions both phase and group velocity of the SPs is 
zero, and the surface charge and the normal component 
of the electric field diverge. Since at every wavevector 
the SP dispersion law is located to the right of the " light 
line" , the SPs of the plane metal-dielectric interface are 
decoupled from the free-space photons due to the mo- 
mentum conservation law. If a droplet of dielectric is 
placed on the metal surface, the SP dispersion law will 
be a function of the local thickness of the droplet. Deep 
inside the droplet far from its edges the SP dispersion 
law will look similar to the case of a metal-dielectric in- 
terface, whereas near the edges (where the dielectric is 
thinner) it will approach the SP dispersion law for the 
metal-vacuum interface. As a result, for every frequency 
between iOpj (1 + 6^)-'^/^ and LUp/i^/"^ there will be a closed 
linear boundary inside the droplet for which the surface 
plasmon resonance conditions are satisfied. Let us show 
that such a droplet of dielectric on the metal interface be- 
haves as a " surface plasmon black hole" in the frequency 
range between Wp/(1 + edY^'^ and ujp/i^/"^, and that the 



described boundary of the surface plasmon resonance be- 
haves as an "event horizon" of such a black hole. 

The dispersion law of surface plasmons in real exper- 
imental situations is defined by the shape and thickness 
of the droplet near its edge, by the thickness of the metal 
film, and by the dielectric properties of the substrate. 
In order to simplify the effective metric, let us consider 
a thin free-standing metal membrane with two "linear" 
droplets positioned symmetrically on both sides of the 
membrane (Fig. 3(b)). The droplets thicknesses at x = 
correspond to the surface plasmon resonance at the illu- 
mination frequency. The droplets taper off adiabatically 
in positive and negative x-directions on both sides of the 
membrane. In the symmetric membrane geometry the 
surface plasmon spectrum consists of two branches a;_ 
and which exhibit positive and negative dispersion, 
respectively, near the surface plasmon resonance [11]. 
Fig. 3(c) shows the dispersion curves of both branches for 
the cases of metal- vacuum interface far from the droplets, 
and for the locations near x — Q. The droplets rep- 
resent an effective black hole for uj- modes and an ef- 
fective white hole for a;+ modes, similar to [2]. If the 
effective slowly varying local surface plasmon phase ve- 
locity c*{x) = oj/k{x) is introduced, the wave equation 
for surface plasmons may be written as 

which corresponds to an effective metric 

ds^ = c*^de - dx^ - dy^ (3) 

The event horizon corresponds to c* = at .t = 0. 
The two regions x > and .t < correspond to the two 
sides of a black hole, which are connected by an Einstein- 
Rosen bridge at x = 0. The behavior of c*{x) near x = 
may be defined at will by choosing the corresponding ge- 
ometry of the droplet edge (if necessary, the droplet may 
be replaced by a similar shaped layer of solid dielectric). 
Let us assume that c* = axe in the vicinity of x = 0. 
However, we should remember that this linear behavior 
will be cut off somewhere near the effective horizon due 
to such eff'ects as Landau damping, losses in the metal 
and the dielectric, etc. [12]. The resulting effective met- 
ric now looks like 

ds^ = a^x^c^dt^ - dx^ - dy^ (4) 

Thus, this particular choice of the shape of the droplet 
edge gives rise to an effective Rindler geometry. Similar 
metric would describe the space-time geometry near the 
event horizon of a black hole with mass Mbh = c^/Sja, 
where 7 is the gravitation constant [2] . 

Let us discuss the properties of the local "proper" time 
T = c*t, which appears in this model. This "proper" 
plasmon time at a metal-dielectric interface (for exam- 
ple, deep inside a liquid droplet) always lags the "proper" 
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time at a metal-vacuum interface, due to the slower sur- 
face plasmon phase velocity. As a result, addition of a 
dielectric near metal surface emulates the slowing down 
of the clocks due to the motion of a reference frame or 
due to the gravitation field. Thus, we can try and em- 
ulate the motion of the wormhole openings in one of 
the time machine designs shown in Fig. 2 by placing a 
droplet of dielectric on top of our toy wormhole (which 
means placing a liquid droplet on top of a hole drilled in a 
metal membrane (Fig. 4a)). A plasmon trajectory start- 
ing from the top side of the membrane near the droplet 
edge and bringing it to its bottom side, and back to the 
top through the hole would emulate a time traveler mo- 
tion described in [8,9]. However, even though we would 
be using a distorted model "proper" time r = c*t in this 
experiment, and there is no actual slowing down of a real 
clock of an observer performing experiments with sur- 
face plasmons, we are not supposed to build a surface 
plasmon toy "time machine": the surface plasmons can- 
not go back in time even according to the readings of 
a clock measuring this distorted "proper" time. This is 
clear from the fact that c* is always positive. 

After a careful consideration we notice though, that 
the nature prevents operation of such a time machine: 
inside the hole drilled in the metal membrane another 
effective horizon is bound to appear. In the case of a 
smooth cylindrical hole partially filled with the dielec- 
tric (Fig. 4b) , this is quite clear from the consideration of 
dispersion of cylindrical surface plasmons [13] . At large 
wavevectors {k » 1/R, where R is the cylinder radius) 
the dispersion law of cylindrical plasmons looks similar 
to the dispersion of regular surface plasmons (eq.(l)). 
Thus, virtually the same consideration as above may 
be repeated for cylindrical plasmons near the meniscus 
boundary, and we come to a conclusion that an effective 
horizon should appear near the meniscus boundary. 

However, the impossibility of building a time machine 
implies a much stronger conclusion, which would be valid 
in any arbitrarily-shaped pinhole in a metal film covered 
with a dielectric: an efl^ective horizon must appear in 
any such pinhole. The value of this conclusion is in its 
generality. Maxwell equations arc not easy to solve for 
some random, asymmetric, arbitrarily-shaped pinholes. 
The consideration above predicts strong electromagnetic 
field enhancement in any such geometry, which means 
that nonlinear optical properties of pinholes covered with 
dielectrics should be strongly enhanced. This conclusion 
agrees well with our experimental observations [10]. 

Nonlinear optical effects put limits on the validity of 
the effective metrics (3) or (4). While, this statement 
is true in general, it may not be valid for the lowest or- 
der nonlinear ities. For example, the nonlinearities of the 
liquid dielectric of the form 

n = no + n2E'^, (5) 

where E is the local electric field and 712 > 0, which 
would be responsible for the self-focusing effect in three- 



dimensional optics, may lead to a toy "gravitational col- 
lapse" of the surface plasmon field near the toy "black 
hole" . This type of nonlinearity causes an effective grav- 
itational interaction of surface plasmons with each other. 
Thus, we may imagine a situation where a liquid droplet 
is illuminated with an intense plasmon beam at a fre- 
quency below Wp/(1 + Cd)^/^, so that a low intensity plas- 
mon field would not experience an event horizon near 
the droplet edge. However, the increase in the droplet 
refractive index due to the high intensity plasmon field 
will cause the plasmon field to collapse towards an aris- 
ing event horizon. Such a sclf-focusing effect may cause 
even stronger local field enhancement in the droplet and 
nanoholc geometries observed in our experiments [10]. 

In conclusion, recently introduced toy surface plasmon 
"black holes" and "wormholes" can be used to create a 
toy "time machine" according to a number of published 
designs [8,9]. Assuming that such a toy "time machine" 
does not work, a general prediction can be made of strong 
electromagnetic field enhancement inside an arbitrarily- 
shaped nanohole near an arising effective event horizon, 
which is supposed to prevent the toy "time machine" 
from being operational. This general result is useful in 
description of the nonlinear optical behavior of random 
nanoholes in metal films. 
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Figure captions. 

Fig.l Far-field images of a toy surface plasmon black 
hole: (a) Droplet of glycerin on a gold film surface (il- 
luminated from the top). The droplet diameter is ap- 
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proximately 15 micrometers, (b) The same droplet il- 
luminated with white light in the Krctschman geome- 
try, which provides efficient coupling of light to surface 
plasmons on the gold-vacuum interface. The white rim 
around the droplet boundary corresponds to the effective 
surface plasmon " event horizon" . 

Fig. 2 (a) Time machine design of Morris, Thorne and 
Yurtsever. Wormhole opening A is stationary, while the 
opening B moves along the Z-direction and returns back, 
(b) Time machine design of Novikov. Wormhole opening 
A is stationary, while the opening B rotates around it. 

Fig. 3 (a) Surface plasmon dispersion law for the cases 
of metal-vacuum and metal-dielectric interfaces, (b) A 
thin metal membrane with two "linear" droplets posi- 
tioned symmetrically on both sides of the membrane. An 
effective event horizon is located at a; = 0. (c) Disper- 
sion laws of the oj- and u)+ modes exhibit positive and 
negative dispersion, respectively, near the surface plas- 
mon resonance. These branches are shown for the cases 
of metal- vacuum interface far from the droplets, and for 
the locations near a; = 0. 

Fig.4 (a) Surface plasmon toy "time machine": a 
droplet of dielectric is placed on top of the hole drilled in 
a metal membrane near its opening B, in order to emulate 
its motion. The metal membrane is made thicker to the 
right of the hole in order to allow plasmon propagation 
from the top side of the membrane to its bottom side, 
and back to the top through the hole (opening A), (b) 
Cylindrical plasmons inside a smooth cylindrical chan- 
nel partially filled with dielectric experience an effective 
event horizon at the edge of the meniscus. 
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